Continuous Czochralski (Cz) technology has been developed to address the high cost drivers of the traditional Cz technology for producing n-type wafers which are used to make the silicon based solar cells with the highest energy conversion efficiency. Continuous Cz technology overcomes the shortcomings of the traditional Cz in low ingot output from each crucible and large axial variation in resistivity and interstitial oxygen across the ingot, two of the drivers for the high wafer cost. In this work, five 2-meter long ingots pulled by continuous Cz from a single crucible were characterized for the minority carrier lifetime, resistivity, interstitial oxygen and substitutional carbon concentrations. In addition, the wafers cut from these ingots were made into cells at both Georgia Institute (nPERT with front junction) and ECN (n-Pasha). Equivalent cell performance from these ingots has been achieved.
Introduction
According to the 2014 edition of the International Technology Roadmap for Photovoltaic (ITRPV), the market share of n-type mono-crystalline solar cells will reach 40% by 2024. The n-type mono cell has achieved >25% conversion efficiency [1] and has the potential to reach even higher efficiency due to the higher minority carrier lifetime of the n-type mono wafers. The reason the n-type mono cells have not seen wide spread adoption is that the production cost for n-type mono cells is still high in comparison to aluminium BSF p-type cells. One of the contributors to the high production cost is the n-type wafer cost.
There are two main reasons for the higher cost of the n-type mono wafers. First, n-type wafers are doped with phosphorus. Due to phosphorus' low segregation coefficient in silicon, the resistivity variation across the entire ingot produced by the traditional Czochralski (Cz) puller is very large. The resistivity at the seed end is typically 7 times higher than that at the tail end [2] . Second, the interstitial oxygen concentration throughout the ingot is also not uniform. The oxygen concentration can be as high as 20ppma (ASTM83) at the seed end due to the large contact area between the silicon melt and quartz crucible. The oxygen concentration drops for the middle part of the ingot before going up again near the tail end [3] . Depending on the requirement from the solar cell process, nonuniform resistivity and oxygen concentration can limit the usable portion to as much as 75% of the ingot which drives up the wafer cost.
In order to address these two high cost factors of the traditional Cz puller, a continuous Cz technology has been developed. The main difference between continuous Cz and traditional Cz is that while mono-crystalline ingot is being pulled from the silicon melt, poly silicon is being added to the melt to maintain a constant melt level inside the quartz crucible. The doping to achieve desired resistivity is also being done continuously during the pulling process. Because of the continuous doping, very uniform resistivity distribution across the entire ingot can be achieved. Because of the constant melt level and reduced contact area between the melt and quartz crucible, low and uniform interstitial oxygen concentration can also be achieved.
Another benefit of the continuous feeding and doping is that multiple ingots can be pulled from the same run using the same crucible. This increases the puller throughput and reduces the running cost from savings in crucible and electricity usage.
Results and Discussion

Ingot characterization
Five n-type mono-crystalline ingots were pulled from a run using the same crucible. The ingots are 8 inches in diameter and about 2 meters in length with zero dislocation (ZD) in the crystal structure. These five ingots were characterized for minority carrier lifetime, resistivity, interstitial oxygen and substitutional carbon concentrations. Each as-grown ingot was cut into 400mm long blocks and the 3mm thick sample slugs were cut from each end of all blocks. The minority carrier lifetime was measured on each end of the block by the transient photoconductance decay (PCD) method using Sinton BLS-1 tester at 2x10^15 minority carrier density. The resistivity was measured on the slugs before and after thermal donor kill (TDK) with Jandel 4-point probe. The interstitial oxygen and substitutional carbon concentration were measured on the slugs before the thermal donor kill using Varian FT-IR spectrometer per ASTM F121-83 standard.
While the first ingot has the highest minority carrier lifetime due to the least amount of impurity accumulated in the silicon melt, all five ingots have lifetimes above 1000 micro-second (see Figure 1) . The x-axis refers to the total weight of crystalized silicon which indicates a location along the length of the ingots. The measured lifetime is affected by the minority carrier density selected for the measurement. A separate study has shown that the lifetime is 1.2 to 2 times higher if measured at 5x10^14 minority carrier density than at 2x10^15 minority carrier density [4] . The resistivity is very uniform across the entire ingot length for all ingots because of the continuous doping which is a key difference from traditional Cz process (see Figure 2) . The interstitial oxygen concentration is around 15ppma and uniform for every ingot due to the constant and reduced contact area between the silicon melt and the quartz crucible (see Figure 3) . The substitutional carbon concentration is around 1ppma (see also Figure 3 ). 
Solar cell performance
nPERT cells with front junction were fabricated from the 156x156mm pseudo square wafers cut from the middle sections of the ingot 1 and 3 at Georgia Institute of Technology. The cell parametric data, open circuit voltage (V oc ), short circuit current density (J sc ), fill factor (FF) and conversion efficiency ( ) are virtually identical for wafers from first and third ingots (see Table 1 ). n-Pasha cells were also fabricated from the wafers cut from several locations of the ingot 3, 4 and 5 at ECN. Again, the cell parametric data are all very similar (see Figure 4 , 5, 6 and 7). 
Conclusions
n-type ingots produced by continuous Cz technology were characterized for minority carrier lifetime, resistivity, interstitial oxygen and substitutional carbon concentrations. The data confirms what continuous Cz was designed to achieve, i.e., very uniform resistivity distribution across the whole ingot and low and uniform interstitial oxygen concentration throughout the ingot. The minority carrier lifetime of all 5 ingots pulled from a single crucible is above 1000 s which is sufficient to achieve good cell performance of nPERT with front junction and n-Pasha cells.
